Nowadays, the topical development of laser ion sources is motivated not only by an application of the ions for a surface modification of different materials, 1,2 but also by the production of a large number of ions per laser shot and by the possibility to ionize every element.
Our experimental study is devoted to ion current changes resulting from the plasma expansion into the vacuum. Close to the target the three-body recombination process lowers the average charge of the expanding ions. Since the rate of this recombination is proportional to Ϸq 3 n e 2 T e −9/2 ͑q is the ion charge state, n e is the electron density, and T e is the electron temperature͒, it is possible to estimate the critical distance from the target, L cr , where the initial sharp rise of recombination losses is changed to a slow descent:
where v is the ion velocity, L is the laser pulse duration, n cr is the critical electron plasma density, and d is the focal spot diameter. All the essential changes in the charge state should happen in the region limited by L cr , because for the larger distances, where T e ϰ L −15/13 , the recombination processes in the expanding laser plasma slow down quickly with the distance and the "freezing" of ion charge states proceeds.
To compare the data from numerous experiments, the measured values at different distances L from the target are usually recalculated by applying the formulas Q ϰ L −2 and j ϰ L −3 for the charge and for the ion current density, respectively. 3, 4 Their validity is restricted to larger distances L Ͼ L cr .
The experiment was performed using a XeCl laser ͑ = 308 nm, L =20 ns, E L Ϸ 70 mJ͒. A 15 cm focal length lens was employed to focus the laser pulses onto a Cu target 5 with an approximately 0.01 cm 2 laser spot area and the average fluence value of about 7 J / cm 2 . To study the expanding plasma, the stainless-steel vacuum chamber was equipped with an 8-cm-diam drift tube containing a movable Faraday cup 6 ͑FC͒, as Fig. 1 shows.
The distance, L, of the FC from the target was changed from 8 to 40 cm. The recorded ion currents were compared by applying the rescaling relations for the time-of-flight scale and for the ion current amplitude:
where t FC is the time-of-flight of ions from the target to the FC, located at the distance L FC which is in meters. The standard distance used is L st =1 m. The charge collected by FC decreases with the increasing distance, as Fig. 2 demonstrates. The closed squares and circles represent the measured charge at distances L Ͻ 20 cm and L ജ 20 cm from the target, respectively. The solid line is a fit of Q ϰ L −2 dependence to the values of the charge measured at L ജ 20 cm ͑circles͒; the fitted curve was extrapolated for L Ͻ 20 cm. Comparing the measured data ͑squares͒ and the fitted curve it is possible to estimate the critical distance L cr to be 18-20 cm, because the charge values measured at shorter distances than 20 cm are higher than the ones predicted by the solid line. For example, the measured charge at L = 10 cm is about two times higher than the charge predicted by the fit. Observing the data at 8 cm a lower ratio of the measured and predicted charge is reached. This decrease can be explained by the effect of the angular distribution of ion emission: the ion emission decreased with the increasing angle, , related to the target normal as 
where p is an empirical parameter and j the current density. The signal of the charge carried by the ions begins to be saturated if the detector used, Faraday cup, collects the particles at high solid angles, as was done in this case. For example, when the Faraday cup was positioned at 8 cm from the target, the collection angle was 2 coll =53°while the measured full width at half maximum of the ion angular distribution in this experiment 9 was 45°. Thus, the increase in the total ion charge collected at short distances should be limited by the angular distribution of the ion emission. Nevertheless, for L ജ 20 the ion angular distribution can be regarded to be spherical. The difference between the measured charge carried by the ions and the predicted one by the fitted L −2 dependence, up to L = 20 cm, gives in the first approximation the losses of the total charge due to the three-body recombination.
The time-of-flight spectra of ion currents measured at distances from 10 to 40 cm and rescaled to the standard distance L st = 1 m are shown in Fig. 3 . Plot ͑a͒ clearly demonstrates differences in the shape such as the decrease in the width of current peaks, which corresponds to the increasing center of mass velocity of ions. On the contrary, plot ͑b͒ shows that for L ജ 20 cm there is no change. The principal feature of the plasma expansion into the near zone next to the target is the depletion of mainly slow ions occupying the tail of the time-of-flight spectra. If the decrease in the ion number is caused by the three-body recombination of ions, then a part of the electrons takes over the energy released by this recombination, and thus the plasma pulse should move faster. Figure 3͑a͒ clearly shows the shift of T max to shorter times with the increasing distance. A weak increase in the ion peak velocity, v peak = L / T max , up to a saturated value with the increasing L is shown in Fig. 4 .
We can conclude that the total charge carried by Cu q+ ions expanding into a vacuum decreases due to the threebody recombination. Passing the critical distance, the "freezing" of ion states occurs and the charge of ions obey the power laws for the three-dimensional dilution of the laserproduced plasma far from the target. The practical consequence of the determination of the critical distance can be essential for the extraction of ions from laser plasmas. The distance, L ex , between the extractor and the target controls the ion density in the extracted plasma.
10 Since the value of L cr varies mainly with the parameters of the laser pulse focused onto the target, L ex should in each case be chosen so as not to interfere with the recombination zone. 
